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Through the use of Na  ~4 as  tracer the rate of entrance into the anterior 
chamber and cerebrospinal fluid of rabbits and dogs after intravenous injection 
was measured and reported by Visscher and Cart (1).  It was shown that Na  u 
passed into the aqueous humor about twice as rapidly as into the cerebrospinal 
fluid, reaching 75 per cent of equilibrium in 45 minutes.  Earlier studies on the 
rabbit by Kinsey et aL (2) indicated an apparent rate of entry from the blood 
into the anterior chamber equivalent to 4.5 c. ram. per minute of whole aqueous 
humor.  In addition they found that the aqueous humor:plasma concentration 
ratio for Na  ~ and CP  s reached 50 per cent after approY~mately 40 minutes fol- 
lowing intraperitoneal injection.  The rate of entry of p32 was found to be less 
rapid. 
Greenberg et aJ.  (3)  compared the rates of penetration of p82, Na  ~, K, Br 
Sr,  Rb,  and I m  into  the  cerebrospinal fluid after intraperitoneal injection. 
They used the open drainage method to avoid dilution of the preformed fluid 
by the newly formed fluid.  The cerebrospinal fluid in the present investigation 
was not disturbed prior to the first cisternal puncture. 
The present study follows up the work of Visscher and Cart (1) but is more 
comprehensive in that it is directed not only to the study of the rates of pene- 
tration of radioactive Na and C1 ions across the blood-aqueous humor and 
blood-cerebrospinal fluid barriers, but also to the study of the rate in which 
these isotopes diffuse from the blood stream into the extracellular tissue fluid, 
and of the chloride and sodium  space in the dog with the aid of radioactive 
sodium and chloride. 
A pparatu~ 
For the rapid measurement  of the radioactivity in the various fluids withdrawn 
from the animal, a special "immersion" type of Geiger-Miiller counter was designed 
(4).  This eliminates the drying process, and the rapidly diminishing radioactivity 
of CI  ss, whose half-life is 37 minutes, could be determined as soon as the fluid was 
withdrawn from the animal.  The wall of this counter is thin enough so that the 
/~-mys can penetrate  it  easily  (thickness,  about 0.01 ram.).  Several  test experi- 
ments made with Na~C1 in solution gave a linear relationship between the counting 
rate and  radioactive  concentration. 
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The power unit consists of two parts: (a)  the high voltage pack for the Geiger- 
Mfiller counter and  (b)  the low voltage pack for the plate and grid-bias voltages. 
A  voltage-stabilizing unit eliminates any fluctuation in line voltages to give a  con- 
stant Geiger-Mtiller counter voltage. 
A  Neher-Harper counting circuit was used  because of its high speed.  To scale 
down the counts so that the mechanical counter would not be paralyzed, a scale-of- 
four unit was added.  Thus the mechanical counter recorded only every fourth radio- 
active particle. 
Preparation of Na  2. and C/SS.--The artificially radioactive isotopes, Na  ~  and Cl", 
were generated under the influence of accelerated deuterium ions in the Van de Graaf 
electrostatic generator of  the Physics Department of the University of  Minnesota 
(5).  The  reactions are as follows: -- 
D  s+Na ~'-~H  Z+Na ~ 
D' +  CW -* H 1 +  CI  ~ 
The sodium target was in the form of NaOH,  and  the chlorine target was  CaCI~. 
After bombardment, the former was neutralized with HCI while the latter was treated 
with  H~S04: 
CaCI2" -b H,SO, --* HC1  as -{- Ca2SO,. 
The HC18s was distilled over and neutralized with NaOH: 
HC1  ~s -[- NaOH --* NaCI  ss -b H,O. 
Inje.c~i~n and Drawing  of Flulds.--The radioactive salt solution  was  diluted  to 
isotonic concentration or 0.9 per cent, measured, and injected intravenously into the 
anesthesized dog.  A  5 per cent sodium pentobarbital solution was the  anesthetic 
used.  The time of injection was noted, and all the subsequent  radioactive measure- 
ments that followed were measured from  this time.  From  the measurement of the 
radioactivity,  the concentration of each injected solution was determined. 
Blood, cerebrospinal fluid, and aqueous humor were withdrawn at various intervals 
following the injection, the blood through a  vein, the cerebrospinal fluid  through  a 
cisterna magna puncture, and the aqueous humor through the cornea.  The radio- 
activity in the  cerebrospinal fluid and  aqueous humor  was measured  immediately 
following their withdrawal from the animal and the radioactivity in the plasma of 
each  blood  sample was  measured  immediately following separation from  the  cor- 
puscles. 
Certain precautions were taken while measuring these fluids.  An equal amount 
of fluid from each sample was used in the radioactive measurements.  The positions 
of the tube containing the fluid and the immersed portion of the Geiger-Mfiller  counter 
were kept the same for all the measurements.  The radioactive decay of each sample 
was followed through to check the purity of the radioactive elements.  The blood 
samples were  carefully handled  and  centrifuged  so  that  the  plasma contained no JUN-CH'UAN WANO  261 
hemolyzed  corpuscles.  Background  radioactive  counts  were  recorded  at  regular 
intervals. 
EXPERTM~.NTAL  RESULTS  AND  DISCUSSION 
A  total  of eighteen experiments was performed on six dogs of various sizes 
and weights.  In eleven of  these  experiments C1  m was traced and in  seven Na  u 
was traced. 
In Table I  the results of a  typical experiment are shown.  It will be noted 
in Fig. 1 that the initial rapid drop of radioactive ion concentration in plasma 
is followed by a  fairly steady value.  The concentrations of these ions in the 
cerebrospinal  fluid  and  aqueous  humor  increase  slowly to  approach  that  of 
TABLE I 
The Results of a Tyt~a~ Experiment 
The amount of Na  ~ or C138 is expressed as the number of radioactive  particles passing 
through the counter per minute corrected to zero time. 
m/n. 
12 
27 
38 
53 
89 
104 
168 
Cercbrospinal  fluid 
No.  of particles 
312  -4- 8 
1046 +  24 
1510 ±  25 
3118 -4-  108 
5385 fl:  163 
Per cent  of 
plasma level 
4.5 
15.4 
22.2 
46.0 
79.2 
Aqueous humor 
No. of particles 
34604-48 
4080 4-  140 
Per  cent  of 
plasma  level 
49.4 
50.0 
plasma  (Figs.  2  and 3).  The solid lines in these figures are drawn from the 
following theoretical exponential equation:  I 
c. -~ c,  (1  -  e-~ 
where C~ =  concentration of the radioactive ion in cerebrospinal fluid or aque- 
ous humor at time t, C~  =  concentration of the same ion in plasma at t, t  = 
The derivation for the equation is as follows.  ~-- 
Consider the anterior chamber (or cerebrospinal canal) as having two openings, one 
for inflow from the blood stream by either ultrafiltration, secretion, or both, the other 
for outflow into the blood by the same mechanisms.  The first .may be expressed by 
the equation: 
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time interval after injection of the radioactive salt, and k  =  net coefficient of 
transfer from plasma to cerebrospinal fluid or aqueous humor.  The constant 
where Q  =  amount of Na  .4 or C1.8 present in the aqueous humor (or cerebrospinal 
fluid); 
Cp  =  concentration of these ions in the plasma; 
C~  =  concentration of these ions in the aqueous humor  (or cerebrospinal 
fluid); 
ki, kt =  coefficients of transfer into and out of the aqueous humor (or cerebro- 
spinal fluid)  by flow (ultrafiltration,  secretion, or both); 
H  =  hydrostatic pressure in blood stream; 
F  =  colloid  osmotic pressure in blood stream; 
t  =  time. 
Diffusion processes occurring simultaneously at these openings may be expressed thus: 
or 
(d~)=.k,,.(C.-Ca)  (~) 
where subscripts 3 and 4 represent  the i~o  and  out of processes respectively.  The 
sum of (1),  (2), and  (3) is: 
Since at equilibrium the outflow is equal to the inflow, then 
k,(~,  -  F)  =  -k,(R  -  F).  (s) 
Therefore, 
=  k,(c.  -  c,,)(s,  -  F)  +  k,,,(C.  -  c,,) 
=  K(C.  -  c.)  (6) 
where K  =  kl(Hl  -  F)  +  ks.  ,. 
VC= is substituted  for Q in equation  (6),  where V is the volume of the anterior 
chamber (or cerebrospinal canal), and we have 
VdC,, 
d~  '  =  K(c,  -  c,,), 
which, when terms are transposed and the equation integrated, becomes 
C~ -  Ca ffi  Be  (-':'/v)  (7) 
t =  0, Co =  V  --" 0, and Cp =  B, a constant.  Equation  (7) becomes  At 
C.  =  C~(1 -- e (-g'lv)) 
-  C,(!  --  ~-kt) 
where K/V  =  k, the net coefficient of transfer.  At t -  ~, e  -~t =  0, and Co/Cp  =  1. JUN-CH~UAN WANG  263 
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FIG. 1.  Per cent of radioactivity remaining in plasma at various times  after in- 
jection. 
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Fro. 2.  Radioactive sodium and chloride concentration in the aqueous humor of 
dogs in per cent of the simultaneous plasma level as a  function of time after Na  ~ 
and Cl  ss injection.  The broken lines connect the points representing experimental 
values obtained from the aqueous humor from the two eyes in a single experiment. 
The solid line is the theoretical  curve for the equation Co =  C, (1  -  e -49 when the 
mean value of k is applied. 
k  is calculated from the half-value interval t0.5 or the time  required for the 
radioactive ion concentration in the various fluids to reach 50 per cent of that 264  PENETRATION OF  RADIOACTIVE  SODIUM AND  CHLORIDE 
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1~.  3.  Radioactive sodium and  chloride concentration in the cerebrosplnal fluid 
of dogs  in per cent of the simultaneous  plasma  level as a  function of time a~ter in- 
jection.  The  broken  and  the  light  solid  lines  connect  values  determined  in  a 
single  experiment and  the heavy solid  line is the theoretical curve for the equation 
C~  =  C~  (1  -  e-*Q  when  the mean  value of k  is  applied. 
TABLE H  a 
The Half-Value Interval to.5 and the Net Coefflde~ of Tran~er k for Na  u 
Radioactive Experiment 
ion  No. 
Na  24  1 
1 
4 
8 
9 
11 
14 
14 
Cembrospinui fluid 
tu*  k 
m/n. 
45  O. 0174 
118  0.0059 
63  0.0H0 
118 (~.~)  0.0035 
78 (/~.m)  O.  0053 
104  0.0067 
Mean k ~  0.0073 -4- 
0.0005 
Mean :0.s ~  95 ~: 6 min.~ 
Aqueous humor 
Eye  to.i*  k 
Right 
Left 
Left 
Right 
Left 
Right 
f/~S. 
28 (6.m) 
51 (:0.~H) 
125 (h.slo) 
26 (6.ezo) 
5S (to.m) 
122 (re.m) 
Mean k ~  0.0254 :~ 0.0008 
Mean te.s ~  27.3  4- 0,9 min,~ 
0.0262 
0.0273 
0.0133 
0.0188 
0.0357 
0.0311 
* The values are for t~.5 (the half-value interval  unless otherwise specified. 
cases the to.5 was not obtainable. 
The mean to.5 was calculated from the mean k. 
In the  latter 
in plasma.  Table II gives the t~.s and k for each experiment.  The constant k 
for aqueous humor  was determined  not for each experiment but for each eye 3m~-CH'UA~  WA~O  265 
from which aqueous humor was drawn.  This was necessary because only a 
single paracentesis from each eye was possible in any one experiment, and the 
t~.6 could not be ascertained since the drawing of a complete curve was not pos- 
sible.  The subvalue for each time t is the ratio of radioactive ion concentration 
in aqueous humor to the simultaneous concentration in plasma.  The average 
of sixteen values gives a  mean net  coeffcient of transfer k  for chloride from 
TABLE II b 
The Half-Vabue Interval to.j and the Net Coefficient of Transfer k for Cl  as 
Radioactive  Experiment 
ion  No. 
CP  s  3 
3 
5 
6 
6 
7 
10 
12 
12 
13 
13 
15 
15 
16 
17 
18 
18 
Cerebrospinal  fluid  Aqueous humor 
~.5"  k  Eye 
24  0.0114  Left- 
Right 
41  0.0169  Left 
36 (t0asg)  0.0059  Left 
Right 
100  0.0069  Right 
79  0.0088  Left 
62  0.0024  Left 
Right 
112 (~.m)  0.0042  Right 
Left 
112  0.0062  Right 
Left 
121  0.0057  Left 
85  0.0381 
73  0.0095  Right 
Left 
Mean k ---~  0.0077 ~  0.0005 
Mean t0.~  ~---  90 4- 6 min.:[: 
mln. 
29 (tu.~o) 
56 (~.~) 
96 (to.m) 
43 ~to.'lo) 
74 (to.~) 
72 (t,.~) 
90 (to.m) 
33 (t0.m) 
85 (t,.,o~) 
51 (to.~3o) 
88 (t~.,~) 
27 (to.,u) 
89 (to.,,,) 
36 (~.~) 
33 (~o.~) 
75 (~.m) 
k 
0.0110 
0.0153 
0.0167 
0.0279 
0.0298 
0.0334 
0.0109 
0.0234 
0.0144 
0.0110 
0.0111 
0.0252 
0.0103 
0.0254 
0.0210 
0.0245 
Mean k  ~  0.0194  q- 0.0008 
Mean ~i -~ 34.3 -4- 0.9 min.:~ 
* The values are for t~.6 (the half-value interval) unless otherwise specified. 
cases the t0.~ was not obtainable. 
The mean t~.~  was 'calculated from the mean k. 
In the latter 
plasma to aqueous humor equal to 0.0194 q- 0.0008.  In practical units this is 
equivalent to  1.94  =1=  0.08  per cent per minute  increase in  concentration  of 
radiochloride in the aqueous humor relative to that in the plasma.  A  more 
convenient  form  of expressing rate  is the  half-value interval which  for  this 
particular instance is 34.3  4- 0.9 minutes.  Since the average volume of the 
anterior chamber is about 270 c. ram. the rate of entry is then calculated to be 
approximately 4 c. ram. per minute.  Corresponding values for Na  ~ are 2.54 
0.08 per cent per minute for k, 27.3  :k 0.9 minutes half-value interval, and 5 
c. ram, per minute for the rate of entry.  Kinsey a  ~. (2) reported an apparent 266  PENETRATION  OF RADIOACTIVE  SODIUM AND  CHLORIDE 
rate of entry of sodium and chloride from the blood into the anterior chamber 
following intraperitoneal injection equivalent to 4.5 c. ram. per minute of whole 
aqueous humor, whereas heavy water (D20) in the blood stream enters the ante- 
rior chamber at a rate equal to approximately 50 c. ram. per minute (6).  No 
value for the rate of accumulation of radiophosphorus was given, but it was 
stated that the rate is less rapid.  In another paper (7) these same authors re- 
ported rapid rates of accumulation and high aqueous: blood ratios of SCN and 
bromides, and slower rates and lower ratios for PO4, urea, lithium, and levulose. 
Table II also shows the mean k and t0.5 values for the cerebrospinal fluid 
obtained through the cisterna magna.  The mean net coefficients for CP  8 and 
Na  ~4 are 0.77 ±  0.05 per cent per minute and 0.73 ±  0.0S per cent per minute, 
respectively.  The half-value intervals are calculated to be 90  ±  6 minutes 
and 95 ±  6 minutes, respectively.  These findings agree with those of Visscher 
and Cart (1).  Greenberg et a/. (3) using the open drainage method  2 to diminish 
dilution of the newly formed spinal fluid with the preformed fluid found a rate 
of flow averaging 0.2 ml. per hour per kilo body weight of dogs.  The relative 
CSF:plasma Na  ~ ratio reached 60 per cent at 1 hour, 80 per cent at 2 hours, 
and 110 per cent at 20 hours.  No chloride values were reported.  Radiophos- 
phorus p32 in cerebrospinal fluid reached its maximum concentration of 23 per 
cent at 2 to 2.5 hours.  Radiopotassium concentration reached its maximum 
of 50 per cent in 30 minutes, then increasing at a slower rate to approach 62 per 
cent at 18 hours.  These same authors summarized the CSF:plasma concentra- 
tion ratios of labelled ions in the following order: 
K  >Na>Br  >Rb>Sr>P04  >I 
The percentage of radioactive ions remaining in the plasma at various times 
after injection of the salt is shown in Fig. 1.  The concentration of Na  ~ and 
C138 in the animal immediately following this injection was calculated from the 
total amount of radioactive salt injected and the assumed plasma volume which 
is on the average 4.9 per cent of the animal's body weight.  The following 
equation was used: 
Total counts injected 
Radioactive counts per unit of volume plasma = 
4.9 X  body weight 
This value represented the initial 100 per cent.  The distribution of the values 
that follow is plotted in Fig. 1.  They show that Na  24 and C18s rapidly diffuse 
out of the blood stream into the various tissues.  Thus, 4 minutes after the in. 
jection the concentration of these ions remaining in the plasma dropped to about 
22 per cent of its initial concentration, but during the next 15 minutes the rate 
of loss was less marked.  A steady state was established at about 15 per cent 
This open drainage method is not comparable to the method used in this investi- 
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after 25 minutes.  This type of curve has been reported by Hevesy, Holst, and 
Krogh for 1  ~  (8), b~ Manery and Bale (9), Grifl~ths and Maegraith (10), Mer- 
rill, Gellhorn, and Flexner (12), and Greenberg et al. (3) for Na  ~, and Manery 
and Haege (11) for Cl  Ss.  Merrill eta/. gave for guinea pigs a value of 13 per 
cent total Na of extravascular fluid being exchanged.  Manery and Bale calcu- 
lated the extraceUnlar fluid as measured for Na  ~4 to be 29 per cent of the body 
weight in rats and 25 per cent in rabbits.  Greenberg et a/. found that Na  ~4 
attained equilibrium with about 24 per cent of body water of dogs.  Potassium 
thiocyanate on the other hand diffuses into the extracellular fluid at a  slower 
rate than Na  ~ or C1  ~s, requiring from 47 to 67 minutes to reach a stabilized level 
in the plasma (13).  The fact that a steady state was established within such a 
short time for the electrolytes indicates a rapid exchange rate across the capil- 
lary walls. 
From these data the per cent of volume occupied by solutions containing 
Na  24 and C188 was calculated by means of the following equation: 
Total counts injected X 100 
Na space ==  Counts  per hal.  at t X weight of animal 
The results are only apparent values for losses in excretion, secretion, and un- 
equal  distributions  go  on  continuously.  The  distribution  of  values  after 
equilibrium has been reached was  calculated to be 33  4-  5  per cent.  This 
agrees within the limits of error with the result reported by Gri~th and Mae- 
graith who used the same method of calculation in their experiments on rabbits. 
SUMMARY 
1.  Experiments were performed on six dogs to determine the rate of penetra- 
tion of C1  s8 and Na  ~ across the blood-aqueous humor and blood-cerebrospiual 
fluid barriers after intravenous injection of the radioactive ions.  The radio- 
activity measurements were made with an immersion type of Geiger-M/Jller 
counter. 
2.  The concentrations of the labelled ions in the anterior chamber and the 
cisterna magna increase slowly to approach that of plasma.  The rate of pene- 
tration k is calculated from a simple exponential equation with the half-value 
interval to  .5 or the time required for the labelled-ion concentration in the fluid 
to reach 50 per cent of that of plasma.  The average t0.5 for C188 and Na  ~ in 
aqueous humor are 34.3 -4- 9 and 27.3 4- 9 minutes, respectively, while those 
for cerebrospinal fluid are 90 4. 6 and 95 4- 6 minutes, respectively. 
3.  A  study of the radioactivity in plasma was made to determine the per 
cent remaining after a steady state was reached.  By means of this determina- 
tion the sodium and chloride space was calculated to be 33 4- 5 per cent. 
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